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A comparative investigation is performed on the effects of vacancies induced by rapid thermal
processing on oxygen precipitation behavior in heavily arsenic- and antimony-doped Czochralski
silicon wafers. It is experimentally found that vacancy-assisted oxide precipitate nucleation occurs
at 800, 900, and 1000 C in the Sb-doped wafers, while it only occurs at 800 C in the As-doped
ones. Density functional theory calculations indicate that it is energetically favorable to form
AsVO and SbVO complexes in As- and Sb-doped silicon crystals, respectively. These complexes
might act as precursors for oxide precipitate nucleation under appropriate conditions. The
difference between the effects of rapid thermal processing -induced vacancies on oxide precipitate
nucleation in the heavily As- and Sb-doped Cz silicon crystals is tentatively elucidated based on
density functional theory calculations revealing the difference in binding energies of AsVO and
SbVO complexes.VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4803061]
I. INTRODUCTION
Oxygen precipitation (OP) in Czochralski (Cz) silicon
has been intensively studied during the past half century due
to its technological importance in the production of micro-
electronic devices.1 Although OP behavior in lightly doped
Cz silicon is well understood, OP in heavily doped n-type Cz
silicon has still to be clarified in more detail.
The last decade, rapid thermal processing (RTP) has
been widely used to enhance the internal gettering (IG) capa-
bility of Cz silicon wafers.2,3 It is well documented now that
in case of lightly doped Cz silicon, vacancies introduced by
RTP at high temperatures significantly enhance OP during
subsequent heat treatments.4–8 VO2 complexes can act
hereby as precursors for oxide precipitate nucleation at tem-
peratures up to 1020 C.2,9,10 It has been reported that OP in
heavily As or Sb doped n-type Cz silicon is suppressed dur-
ing conventional thermal annealing.10–15 Whether the OP
enhancement strategy based on RTP can be applied on heav-
ily doped n-type Cz silicon needs to be clarified from a tech-
nological point of view. Moreover, it remains an open
question whether the aforementioned VO2-complex-assisted
oxide precipitate nucleation mechanism operates also in
heavily doped n-type Cz silicon.
It is known that As and Sb have a larger atom size than
Si. Therefore, compressive strain arises intrinsically in heav-
ily As- or Sb-doped silicon. As excess vacancies are intro-
duced by RTP, part of this compressive strain can be
released by trapping of vacancies by the As or Sb atoms.
Consequently, the formation of VO2 complexes in heavily
As- or Sb-doped Cz silicon will be influenced by the vacancy
trapping by the dopant atoms. Furthermore, since on the one
hand the atom size of As is smaller than that of Sb, and on
the other hand the concentration of As can be much larger
than that of Sb in heavily doped Cz silicon, the possible dif-
ference between the OP behaviors in heavily As- and Sb-
doped Cz silicon crystals after RTP is relevant to be
investigated.
In this work, experimental investigations are performed
on the OP behavior in heavily As- and Sb-doped Cz silicon
crystals subjected to different anneals without and with a
prior RTP at high temperature. The aim is to elucidate the
effects of RTP-induced vacancies on oxide precipitate nucle-
ation for anneal temperatures ranging from 800 to 1000 C.
In addition, the vacancy-assisted oxide precipitate nucle-
ation mechanisms operating in heavily As- and Sb-doped Cz
silicon crystals are investigated using density functional
theory (DFT) calculations. The reason for the different OP
behaviors in the two types of heavily doped n-type Cz silicon
crystals is specifically addressed from the viewpoint of dop-
ant-vacancy-oxygen complex formation.
II. EXPERIMENTAL
Polished, 150mm-diameter, <100>-oriented, Cz Si
wafers are used in the experiments. The resistivity of the As-
and the Sb-doped silicon wafers is about 0.003 and 0.02
X cm, respectively. The total O and As concentrations in the
150mm diameter As doped crystal are about
1.01 1018 cm3 and 2.62 1019 cm3, respectively, as
measured by secondary ion mass spectroscopy (SIMS), while
for the Sb doped sample, the O and Sb concentrations are
7.5 1017 cm3 and 1.56 1018 cm3, respectively. The
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dopant concentrations are close to the solubility limit.
1.5 1.5 cm2 samples are cut from the wafers to be used for
the annealing experiments. Half of the samples receive a
prior RTP at 1250 C for 60 s in argon (Ar) ambient. For this
RTP treatment, the ramping-up rate is about 100 C/s and
the cooling rate from 1250 to 800 C is about 50 C/s. Then,
the specimens with and without the prior RTP are divided
into three groups, which are annealed at 800 C for 32 h þ
1000 C for 32 h, at 900 C for 32 h, and at 1000 C for
32 h, respectively. All the above anneals are performed in Ar
ambient. After annealing, the annealed specimens are etched
in Yang 1 etchant [CrO3(0.5mol/l):HF(49%)¼ 1:1] for
5min, followed by optical microscopy (OM) inspection
using an Olympus MX-50 microscope equipped with a CCD
camera. Moreover, some of the specimens are further charac-
terized by transmission electron microscopy (TEM) in order
to study the morphologies of oxide precipitates and the sec-
ondary defects associated with the precipitates.
III. DFT CALCULATIONS
DFT calculations are performed with the CASTEP soft-
ware based on the local density functional (LDA) theory
with ultrasoft-pseudopotentials.16–18 64 - and 128-atom
supercells are used to study the interactions between the sub-
stitutional dopant (As or Sb) atom, the vacancy or/and the in-
terstitial oxygen Oi atom with different configurations in
silicon lattice. The generalized gradient approximation
(GGA) using the Perdew-Buerke-Ernzerhof19 exchange-
correlation functional is used. Moreover, a large cutoff
energy of 380 eV coupled with a 2 2 2 (for the 64-atom
supercell) and 1 2 2 (for the 128-atom supercell)
Monkhorst-Pack20 scheme for the Brillouin zone sampling is
used during structure optimization. The convergence crite-
rion of the structure relaxation was set at 5.0 106 eV for
the energy and at 5.0 104 A˚ for the maximum displace-
ment. All the calculation results that are shown were
obtained after full convergence.
IV. RESULTS AND DISCUSSION
A. Experimental results
The morphologies of oxide precipitates and the associ-
ated secondary defects in the annealed specimens are studied
by TEM. Fig. 1 shows typical images of bulk micro-defects
(BMDs) in As- and Sb-doped Cz silicon specimens of the
present study, subjected to the two-step anneal at 800 C for
32 h þ 1000 C for 32 h or a single-step anneal at 900 C for
32 h, both after RTP at 1250 C for 60 s. In all cases,
punched-out dislocations and precipitate-dislocation com-
plexes are observed around the oxide precipitates. This is
also the case for the Sb-doped specimen annealed at 1000 C
for 32 h (not shown here). During the anneal at 1000 C for
32 h, a large amount of silicon self-interstitials are emitted
from the growing oxide precipitates and can condense into
extended lattice defects. Figure 1(c) shows plate-like oxide
precipitates with associated strain fields in the Sb-doped
specimen annealed at 900 C for 32 h. It is known that Sb-
doping introduces compressive stress in the silicon lattice
due to the larger atom size. Therefore, the emission of silicon
self-interstitials from the growing oxide precipitates is more
difficult in Sb doped material, and the stress level in and
around the precipitate can be expected to be higher. For that
reason the formation of plate-like oxide precipitates is
favored as this minimizes the strain energy.21,22 In the As-
doped samples annealed at 900 or 1000 C for 32 h, very few
precipitates could be found by TEM indicating that no
substantial OP occurred, as will be discussed later.
Figures 2 and 3 show OM images of BMDs revealed af-
ter preferential etching for the As- and Sb-doped Cz silicon
specimens subjected to anneals at 800 C for 32 h þ
1000 C for 32 h, 900 C for 32 h, and 1000 C for 32 h,
with and without a prior RTP at 1250 C for 60 s, respec-
tively. As shown in the upper row of images of Fig. 2, there
are hardly any BMDs in the annealed As-doped specimens
without prior RTP, indicating a low OP occurred. In the Sb-
doped specimens without prior RTP, as shown in the upper
row of images of Fig. 3, there is a low density of BMDs,
indicating some OP has occurred. With a prior RTP at
1250 C for 60 s, one observes that: (1) for the As-doped sili-
con, only the specimen subjected to the anneal at 800 C for
32 h þ 1000 C for 32 h has a significant density of BMDs,
as shown in the lower row of images of Fig. 2, and (2) for
the Sb-doped silicon, all the specimens contain a large
amount of BMDs. It is known that RTP at 1250 C introdu-
ces a high concentration of vacancies into silicon crystal.2,5
In view of the above-mentioned results, one can conclude
that vacancy-assisted oxide precipitate nucleation substan-
tially occurs only at 800 C for the As-doped samples, while
it does for the whole temperature range between 800 and
1000 C for the Sb-doped samples. The different behaviors
of the As- and Sb-doped samples can be understood on the
basis of DFT calculations as discussed in the next paragraph.
B. DFT calculations
As mentioned earlier, As and Sb atoms tend to interact
with vacancies in order to release the compressive strain and
as such they form effective trapping centers for vacancies.
To assess the possibility of trapping vacancies by dopant
atoms, DFT calculations are used to calculate the binding
energies of dopant-vacancy (DV) complexes. A similar
method is hereby used as was used by Chroneos et al. to cal-
culate carbon, dopant, and vacancy interactions in germa-
nium and silicon.23
Due to the presence of a relatively high concentration of
Oi atoms in Cz silicon, the interaction between the dopant
and Oi atoms leading to dopant-Oi (DO) complexes has to be
considered as well as the further trapping of Oi atoms by DV
pairs thus forming dopant-vacancy-Oi (DVO) complexes.
For simplicity, only the most energetically favorable
configurations of DV, DO, and DVO complexes are shown
in Fig. 4, as obtained by the DFT calculations in the present
study and also reported by others.24 In the case that a dopant
atom binds with a vacancy, the vacancy locates at the first
nearest lattice site of the dopant atom to form the most stable
DV complex. When an interstitial oxygen atom binds with a
dopant atom, it tends to be in the bond interstitial site of two
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neighboring silicon atoms which are the second and third
next nearest neighbors of the dopant atom, respectively. To
form a DVO complex, an Oi atom is added to an existing DV
pair by compensating the two dangling bonds caused by the
vacancy.
1. Binding energies of DV, DO, and DVO
The calculated binding energies of the three complexes
as mentioned above are listed in Table I resulting from
calculation with constant volume and with constant zero
pressure. The binding energy (Eb) of a dopant-incorporating
complex is hereby calculated according to
Eb ¼ E½complex  RE½isolated defect
þ nE½perfectðn ¼ 1 or 2Þ; (1)
where E[complex], E[isolated defect], and E[perfect] repre-
sent the total energies of a supercell containing a complex,
one containing an isolated dopant atom or vacancy, and a
FIG. 1. TEM images illustrating typical
BMDs in (a) As-doped Cz silicon and
(b) Sb-doped Cz silicon specimens, after
a thermal treatment at 800 C for 32 h þ
1000 C for 32 h, (c) Sb-doped Cz sili-
con specimens annealed at 900 C for
32 h. All specimens received a prior
RTP at 1250 C for 60 s.
FIG. 2. Typical OM images of BMDs
observed after preferential etching of
As-doped specimens subjected to
anneals at 800 C for 32 h þ 1000 C
for 32 h, at 900 C for 32 h, and at
1000 C for 32 h, with (right column)
and without (left column) a prior RTP at
1250 C for 60 s, respectively.
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perfect supercell without any defects, respectively. When Eb
is negative, it means that the complex is more stable than the
isolated defects that are forming the complex.
According to the calculated binding energies, As and Sb
atoms will indeed tend to combine with the vacancy to form
the DV pair, confirming that substitutional dopant atoms
with larger size than silicon atoms will act as vacancy traps.
Moreover, the binding energy of a SbV pair is larger than
that of an AsV pair showing that, as expected, a dopant atom
with a larger size is a more effective trap for a vacancy.
In comparison with DV pairs, the DO pairs have remark-
ably smaller binding energies. As listed in Table I, the AsO
pair has a binding energy of only 0.17 eV, while the SbO
pair even has a slightly positive binding energy and should
therefore be unstable. It can be concluded that the formation
of AsO and SbO pairs is energetically less favorable than the
formation of AsV and SbV pairs. However, if an Oi atom
attaches to the vacancy side of a DV pair, the new DVO
complex has a considerably larger binding energy, reaching
2.86 and 3.08 eV for the AsVO and SbVO complexes,
respectively. Similar to the case of the DV pair, the binding
energy of the DVO complex increases with the dopant atom
size. The large binding energies as mentioned above imply
that once the AsVO and SbVO complexes form in As- or Sb-
doped Cz silicon, they will be relatively stable even at more
elevated temperatures.
In Cz silicon, Oi atoms themselves can also act as va-
cancy traps. In lightly doped Cz silicon, the more mobile
vacancies are captured by Oi atoms, forming relatively stable
VO pairs that further trap Oi atoms and evolve into VO2
complexes. Such VO2 complexes are considered to be the
precursors of heterogeneous nucleation of oxide precipi-
tates.2,9,10 For As or Sb-doped Cz silicon, as mentioned
above, As and Sb atoms can trap vacancies to form AsV and
SbV complexes and, furthermore, these DV pairs can also
capture Oi atoms to evolve into AsVO and SbVO complexes.
Due to the competition with the dopant atoms acting as traps
for vacancies especially in the case of heavily doped material
FIG. 3. Typical OM images of BMDs
observed after preferential etching of
Sb-doped Cz silicon specimens sub-
jected to anneals at 800 C for 32 h þ
1000 C for 32 h, at 900 C for 32 h, and
at 1000 C for 32 h, with (right column)
and without (left column) a prior RTP at
1250 C for 60 s, respectively.
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with dopant concentrations exceeding that of Oi, the forma-
tion of VO and VO2 complexes will inevitably be influenced
by the doping.
2. Estimating the vacancy capturing strength
of D and Oi
To obtain a better understanding of the effect of As- or
Sb-doping on the formation of VO complexes in Cz silicon,
the vacancy-capture capabilities of As, Sb, and Oi are com-
pared. A simple model in which an As or Sb atom and an Oi
atom coexist in a 128-atom supercell is built. For conven-
ience, the vacancy is initially introduced at the midpoint
between the As or Sb atom and Oi as shown schematically in
Fig. 5. The reference state is defined when the vacancy is
located at infinity. The energy difference between the final
state (with the vacancy at the different NN sites) and the ref-
erence state (where dopant atom and Oi already coexist with
the vacancy at infinity) is calculated as was also done in a
study of the effect of Sn on point defects and oxygen precipi-
tation in Cz silicon.25
The results of this calculation are summarized in Table
II. When the vacancy is progressively closer to the As or Sb
atom, the absolute value of the energy difference increases.
This results from the partial release of the As- or Sb-atom
induced compressive strain by the vacancy. This scenario is
repeated for the movement of the vacancy towards Oi show-
ing that the absolute value of the energy difference when
forming the VO pair is somewhat higher than when forming
the AsV or SbV pair.
At first sight, it seems contradictory that the VO binding
energy is larger than the VD binding energy and still the VD
pairs are more easily formed than the VO pairs. The reason
for this is the energy difference listed in Table II which is
larger for the VD pairs than for the VO pair. The larger bind-
ing energy of the VO pair is mainly due to dangling bond
compensation which does not occur when forming a VD
pair. Before this dangling bond compensation, the energy
difference is only due to stress differences and the data in
Table II reflect the capture efficiency between Oi and D.
Therefore, according to the aforementioned theoretical
calculations, it can be assumed that the As and Sb atoms
have a vacancy-capture capability that is comparable to that
of the Oi atom.
3. Comparing the As- and the Sb-doped material of
the present study
The concentration of As atoms is more than one order of
magnitude higher than that of Oi. As a consequence, the
TABLE I. Binding energies in eV of DV, DO, and DVO complexes calcu-
lated under constant lattice parameter (0.543 nm) (top) and under constant
zero pressure conditions (bottom).
Constant volume
D DV DO DVO
As 1.30 0.17 2.86
Sb 1.57 0.01 3.08
Constant pressure
D DV DO DVO
As 1.32 0.12 2.34
Sb 1.50 0.01 2.29
FIG. 5. Schematic representation of the movement of a vacancy towards a
substitutional dopant atom or an interstitial oxygen atom. Initially, the va-
cancy is in the middle between the dopant and the oxygen atom. The total
energy and the binding energy are calculated in each nearest neighbor
position.
FIG. 4. Configurations of DV, DO, and DVO complexes before and after
structure relaxation in As or Sb doped silicon. The yellow, blue, white, and
red balls represent a silicon atom, a dopant (As or Sb) atom, a vacancy and
an oxygen atom, respectively.
TABLE II. Energy difference in eV due to introduction of a vacancy calcu-
lated for constant zero pressure as function of the position of the vacancy
with respect to the dopant (As or Sb) or the Oi atom as schematically shown
in Fig. 5.
Middle 4NN 3NN 2NN
Oi 0.32 0.26 0.27 1.33
As 0.32 0.26 0.39 1.39
Middle 4NN 3NN 2NN
Oi 0.26 0.23 0.29 1.32
Sb 0.26 0.33 0.42 1.43
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diffusing vacancies encounter the As atoms more frequently
than the Oi atoms, resulting in a higher probability of form-
ing the AsV pairs and subsequently also the AsVO com-
plexes. Furthermore, the Oi atoms diffuse a great deal faster
than the substitutional As or Sb atoms that can be considered
as being immobile in comparison. Therefore, unlike the AsV
and SbV complexes, the VO complexes are remarkably mo-
bile even at relatively low temperatures as is known from
irradiation experiments followed by low temperature thermal
anneals.
Besides the divacancy and the E-center (or DV-center)
in n-type Si, the VO-center (or A-center), is one of the main
defects introduced in oxygen-rich Cz Si by irradiation. As
the VO-center already becomes unstable at 300 C, it can
also be expected that it is already mobile at these tempera-
tures, whereby the dopant and even the interstitial oxygen
atoms can be considered as being immobile.26,27 In fact, a
whole family of VxOy-centers develops during rapid cooling
and subsequent thermal anneals with a continuously
changing distribution of the different vacancy-oxygen
complexes.28
It has been reported that As can also diffuse via an inter-
stitial mechanism in case a large supersaturation of intersti-
tials exists which is the case after ion implantion29–31 but as
the vacancy is the dominant intrinsic point defect in RTP
treated as-grown wafers, this possibility is not considered
further. A part of the VO complexes will therefore be inevi-
tably captured by the As or Sb atoms, resulting in the forma-
tion of AsVO or SbVO complexes. Depending on the As or
Sb concentration, it can even be expected that the formation
of AsVO or SbVO complexes prevails over that of VO2
complexes.
C. A tentative model for the OP behavior in low
resistivity As- and Sb-doped silicon
According to the DFT calculations discussed above, the
AsV and SbV pairs are quite stable due to their large binding
energies. During the RTP at high temperatures, vacancies
tend to form at the first nearest neighbors of Sb or As atoms
in order to partially release the compressive strain in the sili-
con lattice.32 These vacancies are trapped by the dopant
atom leading to the formation of DV pairs. As the As con-
centration is approximately 20 times higher than the Sb con-
centration, it can be expected that the concentration of AsV
pairs is proportionally higher than that of SbV pairs as can
be estimated based on a simple continuum model and is also
confirmed by measuring the resistivity change after
RTP.33,34 Due to the capturing of vacancies generated during
the RTP treatment by dopant atoms, the resistivity of the
samples indeed increases by deactivation of dopant atoms.
Assuming that the free carrier decrease is due to the forma-
tion of dopant-vacancy pairs, the total vacancy concentration
in the As and in the Sb doped samples can be estimated to be
about 3–5 1017 cm3 and 4 1016 cm3, respectively.35
These concentrations of dopant-vacancy pairs are 4 and 3
orders of magnitude higher than the thermal equilibrium con-
centration of neutral vacancies at 1250 C which is about
3.7 1013 cm3 at 1250 C.34 A more extended report on
this change of resistivity and its recovery during low temper-
ature anneals will be published elsewhere.
Similar trapping effects due to dopant-vacancy pair for-
mation have been reported for Si doped with high concentra-
tions of isovalent impurities Ge36 and Sn.25,37 Heavy doping
with Ge also leads to an apparent decrease of the formation
energy of the vacancy which was shown to be due to the total
vacancy increase during a high temperature anneal by the
trapping effect.35
An important difference is however that in heavily As
and Sb doped Si, also the formation energy of the double
negatively charged vacancy is considerably lowered and is
much lower than that of the neutral vacancy.34 Due to this
lower formation energy, the free and trapped vacancy con-
centration is significantly higher than in Si doped with isova-
lent impurities, and therefore, also the effects on BMD
nucleation are larger.
Although the trapping has a negligible effect on the ther-
mal equilibrium concentration of vacancies, the total number
of vacancies can thus increase orders of magnitude and the
formed DV pairs form a huge reservoir of vacancies that can
be released during subsequent thermal treatments when the
DV pairs become unstable. During the cooling down part of
the RTP and especially at the initial stage of the subsequent
annealing at 800–1000 C, Oi atoms diffuse toward the AsV
or SbV pairs to form AsVO or SbVO complexes, respec-
tively, which are quite stable at the annealing temperature
due to their considerably larger binding energy as listed in
Table I. With the incorporation of more Oi atoms, the AsVO
or SbVO complexes are assumed to evolve into oxide precip-
itate nuclei. If these nuclei are larger than the critical size
corresponding to the specific annealing temperature, they are
stable and can grow further into oxide precipitates observed
as BMDs. It is well known that the critical size beyond
which the above-mentioned nuclei can grow into oxide pre-
cipitates increases with annealing temperature and compres-
sive stress and decreases with increasing oxygen content and
vacancy supersaturation.38 As the difference in oxygen con-
tent between the wafers used in the present study is rather
small, the change of the vacancy supersaturation after RTP
will dominate the critical precipitate size. The comparison
between the As- and Sb-doped Cz silicon crystals of the
present study suggests that, on the average, more Oi atoms
are aggregating into SbVO complexes than in AsVO com-
plexes. Oxide precipitate nucleation and growth can occur
during the annealing at 900 or 1000 C in the Sb-doped Cz
silicon as less RTP generated vacancies are trapped by the
Sb atoms and more vacancies thus remain available to reduce
the critical size of the oxide precipitates.
This is in contrast to the case of the As-doped samples,
as shown in Figs. 2 and 3. Nevertheless, as shown in Fig. 2,
OP during the two-step anneal at 800 C for 32 h þ 1000 C
for 32 h in the As-doped Cz silicon is also enhanced by the
prior RTP at 1250 C. For the same oxygen content and va-
cancy concentration, the critical size for homogeneous oxide
precipitate nucleation is smaller at 800 C than at 900 or
1000 C. Therefore, more of the AsVO-complexes can
evolve into oxide precipitate nuclei during the 800 C anneal
and then further grow during the subsequent 1000 C anneal.
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V. CONCLUSIONS
The OP behavior is experimentally investigated in heav-
ily As- or Sb-doped Cz silicon crystals subjected to two-step
anneals at 800 C for 32 h þ 1000 C for 32 h, or single-step
anneals for 32 h at 900 or 1000 C with and without a prior
RTP at 1250 C. It is found that the prior RTP enhances OP
in all cases for the Sb-doped Cz silicon but only for the two-
step anneal in case of the As-doped silicon.
DFT calculations indicate that it is energetically favor-
able to form AsVO and SbVO complexes, whereby the SbVO
complex has a larger binding energy. As the concentration of
As and Sb is larger than that of Oi, and as also the binding
energy of the dopants with vacancies is much larger than that
with oxygen, the formation of AsV or SbV pairs is favored
over that of VO and VO2 complexes. Such AsVO and SbVO
complexes are assumed to be precursors for the formation of
oxide precipitate nuclei during subsequent anneals. Due to the
extensive vacancy trapping in the As doped samples, at
the same time the oxide precipitate critical size is consider-
ably larger than in the Sb doped samples despite the some-
what higher Oi content in the As doped material.
The present results show that RTP can be used to
enhance OP and therefore the IG capability of epitaxial sili-
con wafers using heavily As- or Sb-doped substrates. At the
same time, one should be aware of the vacancy trapping
effect that increases strongly with dopant concentration and
thus reduces the beneficial effect of the RTP step.
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